Abstract-This paper tackles the problem of efficient power loading in Filter-Bank based Multicarrier (FBMC) systems, being more and more often treated as the potential successor of the Orthogonal Frequency Division Multiplexing (OFDM) scheme. In particular the potential of application of the mercury-waterfilling principle for power allocation among data symbols in these systems has been analyzed. The efficiency of the proposed link adaptation scheme has been verified in the specified WiMAX-PUSC scenario, in which dedicated pilot pattern, adapted to the FBMC features, was used.
I. INTRODUCTION
Mutlicarrier signals have been already considered for application in many wireless and wired communication standards. Due to its great features, such us robustness against the frequency-selective fading, this transmission scheme has been further accepted as the most promising solution for the 4G cellular systems, and is also considered for future applications. Currently the most popular solution, known as Orthogonal Frequency Division Multiplexing (OFDM), uses the set of mutually orthogonal subcarriers both at the transmitter and at the receiver part. Besides its non disputable advantages, OFDM transmission poses also some drawbacks that are the rationale for further investigation on new multicarrier transmission schemes. One of the well-known and advanced approach assumes the application of the filter-banks and overlapping pulses on the time-frequency domain, and is known as FilterBank based MultiCarrier (FBMC) modulation [1] - [3] . In this scheme the consecutive user data symbols d are transmitted on specific subcarriers appropriately filtered in order to fulfill some predefined requirements. Moreover, the usage of the Cyclic Prefix, normatively applied in the OFDM-based systems, is not obligatory in the FBMC case. Furthermore, the transmission can be realized in the form of the frames, i.e. one transmission frame consists of L × M pulses on the time-frequency plane. It means the L consecutive blocks of M parallel pulses are transmitted in one FBMC frame. Clearly, for the continuous transmission L approaches infinity. One of the key aspects of the FBMC-based system is the proper definition of the transmit and the receive pulse shapes, denoted hereafter as g(t) and q(t), respectively. Various pulseshapes have been derived for FBMC in the rich literature, such as IOTA (Isotropic Orthogonal Transform Algorithm) [8] or Hermitian, Enhanced Gaussian Function pulse etc. In this paper we will concentrate on the application of the pulse proposed in the PHYDYAS project [9] . In the classic definition of the FBMC, used also in this work, it is assumed that g(t) = q(t), what simplifies the system design. Although these pulses are often designed in such a way that the real orthogonality is ensured, one of the drawbacks of the practical implementation of the FBMC-based system is the presence of the residual self-interference. The reason for this unwanted phenomenon is due to the impairment of electronic elements or finite representation of the pulses, which in theory can have infinite time-support. This effect has to be considered during the analysis of the potential application of bit and power loading algorithms or other link adaptation techniques for FBMC systems. Looking at the OFDM systems one can state that the practical realization of the concept of the signal adaptation according to the current channel condition is the application of the so-called Modulation and Coding Schemes. In this approach the transmitter selects one of the predefined tuples of the modulation oder and coding rate depending on the received information about the current channel quality. This solution, however, is the compromise between the complexity of the most efficient algorithms, such as waterfilling (WF), and nonadaptive scenarios, where no parameters are adapted. The idea behind the WF principle is the observation that it is better to put more power to these subcarriers (pulses) for which the channel condition is the best in order to benefit from its quality and transmit more data with the same BER level. The optimality of the WF principle is strictly related with the assumption that the distribution of the input symbols is Gaussian. It is not true in the practical systems where the dedicated constellations of symbols are used (such as 16 or 64 QAM). It has been proved that when the alphabet of the input symbols is fixed, the algorithm known as the MercuryWaterFilling (MWF) reaches the optimality criterion. In this paper the application of the MFW principle in the FBMCbases systems is presented, exactly the IEEE 802.16 downlink transmission with partial usage of subcarriers (WiMAX-PUSC) has been considered. The remainder of the paper is arranged as follows. First, the basics of the FBMC-based systems are provided in Section II, following by the analysis of the MFW principle modified to the FBMC systems. Section IV covers the description of the considered system, and Section V presents the simulation results, while the last section concludes the work.
II. RESIDUAL INTERFERENCE IN THE FILTER BANK BASED MULTICARRIER SYSTEMS
In the following we assume that the transmission is arranged in form of the time-frequency bursts of the size L × M pulses, i.e. the burst has a duration of L pulses g(t) and covers the band of the width equal to the M times bandwidth of the used pulse. Thus, the received FBMC signal can be presented in the discrete form as in (2):
where h l,m and d l,m denote the channel coefficient and the user data symbol associated with the transmit pulse g l,m
[n] = g[n − lN ]e 2πmF n , and N and F are the distance (expressed in samples) between two consecutive pulses and two adjacent pulses in frequency domain, respectively. At the receiver side the signal collected by the reception aerial will be then shifted in the frequency domain to the base band and then filtered using the reception filter. In our case the transmit and reception pulses have the same shape (please let us note that this assumption is not ordinary, in general). Thus, when focusing on the specific pulse localized at the point (l, m) in the time-frequency plane, one can obtain the estimate of the transmit symbold l,m modified by the channel as defined in (1) . It can be seen that the received signal is split in three parts: the desired one (containing the user data d l,m to be retrieved), the part representing the self-interference coming from surrounding pulses and one corresponding to the colored noise (i.e. the filtered white Gaussian noise) denoted as η l,m [n]. In the ideal case the pulse shape g(t) is defined in such a way that the second part is cancelled, while the first one is maximized, i.e. the expression under the sum in the first part will be one, and in the second part equal or close to zero. In practice, however, the pulses cannot be implemented ideally, thus the problem of self-interference exists and should be taken into account while proposing any algorithms for application in FBMC systems. In the next section we will present the concept of application of the mercury-waterfilling (MWF) principle in FBMC systems.
III. REVIEW OF MERCURY-WATERFILLING IN THE
CONTEXT OF FBMC SYSTEMS One of the main features of every multicarrier signals is obviously the presence of M parallel subcarriers, each of which carries one separate pulse g(t) multiplied by the user data. It has been observed also that in such systems there is an opportunity to benefit from the variations of the transmission channel, i.e. it is possible to adapt signal parameters according to the current status of the channel. It is evident that the allocation of power as well as bits among available subcarriers should depend on the quality of transmission link. Intuitively, the better the channel for a certain subcarrier, the higher the number of bits (and thus power) assigned to this frequency bin. Such an observation lead us to the idea of water-filling principle (WF) being often presented as the optimal, reference method of power allocation. Various bit and power loading procedures, as well as approaches considering application of modulation and coding schemes (MCS), have been proposed in the rich literature. Just to mention the solutions proposed by Hughes-Hartogs, J. Campello or by Fisher and Huber. However, the optimality of the WF approach is conditioned by the assumption that the input data are Gaussian distributed. Unfortunately, this is not valid in typical communication systems, where specific symbol constellations (such as M-QAM) are proposed. It has been showed [4] , [5] 
the set of input symbols, the estimationd l,m of the transmitted symbol can be calculated as:
where ρ is the channel gain. The basis of the MFP is in general an observation that there exist straight-forward relation between the input-output mutual information (MI) I(γ) and the minimum mean square error function (MMSE) at the receiver [4] :
where for AWGN channel γ = P σ 2 is ratio between the signal power P and the noise variance σ 2 observed at the (m, l)-th pulse. Knowing the exact expressions for mutual information and for MMSE associated with the considered system setup, various transmit parameters can be examined, such as fraction of the transmit power assigned to the particular pulse. Thus, denoting this fraction of total power P assigned to the (m, l)-th pulse as p l,m , the signal-to-noise ratio (SNR) for the fading channel can be defined as γ l,m =
, where h l,m is the channel coefficient associated with the considered pulse. It is often assumed that the total transmit power is normalized, i.e. P = 1, what entails that l,m p l,m ≤ 1. It has been shown that the set of optimal values p * l,m that maximizes the sum mutual information can be calculated as presented in the formula below:
where η is found to fulfill the limit for the total transmit power. As it has been already indicated in the case of practical implementation of FBMC systems it is not possible to eliminate the self-interference (middle term of the formula (1)) from the received signal, and some portion of the residual interference always exists. Connecting the MFW principle with the problem of existing residual interference one has to notice that there is a need for -at least -SINR redefinition by treating the self-interference as noise. In such a case the mercury-waterfilling principle can be applied in the straightforward manner, although adapted to the two-dimensional case. Assuming the lack of dependency between the transit data symbols d l,m , the corresponding SINR γ l,m can be then calculated as: In the considered exemplary system (i.e. 32 overlapping subcarriers with BPSK symbols carried on each of them) the normalized transmit power has been allocated based on the guidelines obtained from the waterfilling and mercurywaterfilling algorithms. It has been intentionally assumed that the vales of SINR observed on each frequency bin grew linearly. Two cases have been compared: first, in which the overlapping of the neighboring pulses in frequency domain has been not included in the SINR definition, and second, where SINR considers the presence of the self-interference. One can observe that in the classical waterfilling principle more power is assigned to the subcarriers with better channel quality, regardless of the analyzed simulation case. Contrarily, inclusion of the self-interference in the SINR definition influences the behavior of the mercury-waterfilling principle.
IV. SYSTEM DESCRIPTION
As explicitly suggested by its name, in FilterBank based MultiCarrier systems a dedicated bank of filters is used. Taking into account the complexity issue the so-called transmultiplexer configuration is often used in which one can distinguish the structure of the synthesis filter bank (SFB) at the transmitter side and the analysis filter banks (AFB) at the receiver side [11] , [13] . In order to mitigate the aliasing problem a factor of two oversampling is commonly applied. The generic mathematical definition of the transmit FBMC signal can be expressed as:
Here, φ l,m is the additional phase term that is used to guarantee the assumed real orthogonality condition, i.e. for every integer value l, m, l ′ , m ′ ∈ Z the following relation is fulfilled [11] , [14] :
where δ is the Kronecker delta function. Note that each subcarrier is modulated with an Offset Quadrature Amplitude Modulation (OQAM) which consists in transmitting the real and the imaginary parts of a complex data symbol with a shift of half the symbol period between them [12] , [13] . In our work the PHYDYAS waveform has been selected for further investigation [9] . Let us now focus on the channel estimation issues in the FBMC systems. Due to the specific nature of the filter-bank based wireless communications, the design of the pilot patterns in the transmitted frame, as well as the whole channel estimation and equalization processes has to be adapted accordingly. As stated in [15] , in FBMC systems either real or imaginary part of the complex symbol are devoted for data transmission, and when a given (e.g. real) part is used the other part is a sum over the interference coming from the surrounding pulses. The amount of the interference coming from the other pulses is a function non only of the pulse shape but also of the deployment density of the these pulses on the timefrequency plane. As a consequence, the pilot symbols are not only affected by the channel itself, but also by the interferencẽ
coming from the adjacent pulses. On the other hands, the pilot pulses affect the closest pulses more than other pulses since the pilots are usually boosted. In [11] the concept of the so-called auxiliary pilots has been introduced and further extended to the MIMO WiMAX case in [15] . Auxiliary pilots are additional pilot symbols allocated close the regular pilots and are used only for the purposes of self-interference cancellation. After application of the auxiliary pilots (names also as 'helped pilots') the interference observed at the regular pilot position on time-frequency plane is reduced to zero, or significantly minimized. The concept of the auxiliary pilots is illustrated in Fig. 2 . When looking at the figure above one can observe that the regular pilot, represented by the black circle, is affected by the surrounding data symbols (gray circles) from the closest vicinity, but also by the more distant symbols (second circle of data symbols around the pilot symbol). Clearly, the further the data symbol the smaller its impact on the pilot symbol. Following the approach proposed by [11] the value carried by the auxiliary pilot symbol is calculated in such a way that the self-interference observed by the pilot pulse is minimized.
V. SIMULATION RESULTS
In order to verify the efficiency of the mercury-waterfilling principle intensive computer simulations have been arranged and carried out. As mentioned above, MIMO WiMAX PUSC system based on the FBMC modulation has been considered. The number of parallel pulses in one frame was set to 128 (which defines also the FFT size), and the duration of the pulse was equal to 512. As specified in IEEE 802.16e, carrier frequency was set to 2.5GHz, and the signal bandwidth -to 10MHz. Pilot power has been boosted almost twice comparing with the regular data symbols. User data has been modulated using 16QAM rectangular constellation. For such system setup a set of simulations has been carried out using various channel models. In particular the ITU vehicular channel of type A was considered (denoted as VEH-A), and indoor channels (IND-A, IND-B) . The AWGN channel has been also simulated for reference purposes. In the Fig. 3 relations between the obtained Bit Error Rate versus E b /N 0 for different channel models are shown. It can be noticed that for all channel types expect the Vehicular-A the efficiency of the auxiliary pilot symbols together with the mercury-waterfilling principle achieves quite reasonable results. Only for the Veh-A channel the considered figure of merit (i.e. BER) has reached the error floor very fast, what can suggests to us that the way used for pilot definition and ways for estimation are not robust enough in that particular scenario. Similarly, the Bit Error Rate for the IND-A channel model for different constellation sizes has been presented. In this paper the concept of application of the mercurywaterfilling principle in FBMC system has been considered. In particular the IEEE 802.16e PUSC system has been simulated. It has been showed that the imperfections of the pulse design leads in practical applications to the occurrence of the selfinterference problem. This phenomenon affects not only the data symbols, but also pilot signal reducing the effectiveness of the applied estimation or equalization algorithms. Thus, the idea of auxiliary pilot symbols has been implemented and testes together with the MFW approach. Obtained results confirm that the application of the MFW principle in practical situations is feasible. However, in such restricted configuration, i.e. where the specific number of bits has to be carried thorough the wireless channel, where the specific amount of transmit power can be used and where there are strict requirements put on the guaranteed quality of service, the real potential of the MFW cannot be showed. Thus, the further work will concentrate on the idea of adaptive FBMC, in which the number of sent bits or the total amount of transmit power will change adaptively. In particular the application of the modulation and coding scheme will be investigated.
